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Fig. 1 Schematic comparison of PSII and
conventional ion beam implantation. PSII uses
the plasma sheath to accelerate ions into the
target (or multiple targets) from all
directions. Conventional, accelerator-based
ion implantation is a line-of-sight process,
which requires in-vacuum manipulation of a
target to implant complex surfaces.
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Introduction

Plasma Source lon Implantation (PSII) is a room temperature,
plasma-based, surface enhancement technology that uses an ionized
gas surrounding a target and high-negative-voltage, high-current
pulses to accelerate ions into a target surface from all directions. lon
implantation can modify the target surface in beneficial ways,
making it harder, reducing the coefficient of friction, and enhancing
its resistance to corrosion.12:34.56.7.8,9.10 These benefits are similar
to those obtained through conventional ion beam implantation11:12,
but PSII differs from conventional techniques in several important
aspects (see Fig. 1). First, ions are accelerated into the target
through a plasma sheath®2 that surrounds the target, so the process
is not “line-of-sight”—there is no requirement of an unobstructed
path from a single ion source to the surface being treated. This
allows PSII to treat multiple target surfaces and even multiple
targets simultaneously without the need for in-vacuum
manipulation of the target assembly. In addition, the average ion
current to the target surface can be more than an order of
magnitude larger than using conventional techniques!415:16,
significantly reducing the required treatment time for large,
complex target assemblies. This increase in average ion current is
possible because nearly the entire target surface (potentially many
square meters in area) can be treated simultaneously with a high
pulsed-current source. Spreading the total applied current over a
large surface area also tends to minimize local surface heating
effects.

Plasma Source lon Implantation

In-vacuum manipulator

PSII was originally patented by John Conrad of the University of
Wisconsin, Madison, and has been further developed and
demonstrated at industrially relevant scales by researchers at Los
Alamos in collaboration with the University of Wisconsin and
General Motors Research. This technique is currently being
commercialized through the efforts of General Motors, Asea Brown
Boveri, Litton Electron Devices, Nano Instruments, Diversified
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Technologies, lonex, PVI, Empire Hard Chrome, A. O. Smith,
Harley-Davidson, Kwikset, Boeing, and DuPont, as well as Los
Alamos National Laboratory and the University of Wisconsin at
Madison in a National Institute of Standards and Technology
Advanced Technology Program project managed by the
Environmental Institute of Michigan, Ann Arbor. The success of
this research and development (R&D) effort earned an R&D 100
award from R&D Magazine in 1996 (Fig. 2).

There are several key factors that must be considered to
successfully design and operate a commercial PSII system. These
include the surface material science, overall vacuum system design,
plasma source requirements, plasma-target interaction
considerations, pulsed high-voltage subsystem (modulator)
requirements, and target requirements and limitations. Critical
system components are outlined in Fig. 3. This research highlight
will focus on several important plasma physics effects related to the
plasma-target interaction, particularly in the case of large, complex,
multiple-component, target assemblies.
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Fig. 2 The Los Alamos team participating in
development and commercialization of PSII
included (from left to right) Carter Munson,
Michael Nastasi, Donald Rej, Jay Scheuer,
Blake Wood, Kevin Walter, Ricky Faehl, and
Ivars Henins. Team members not pictured
include William Reass, Darrell Roybal, and
Jose Garcia.

Fig. 3 Block diagram of a typical PSII
system. Major system components include the
vacuum chamber, pumping system, high
voltage DC power supply, high voltage pulser
or modulator, cooling system, target support
assembly, plasma generation system, and
working gas input system.
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Fig. 4 Plasma sheath temporal behavior for

a planar target. Shown are the initial
configuration with nearly uniform plasma

surrounding the target (a), the formation of

the ion matrix after electrons have been

excluded from the region close to the target

(b), ions accelerating through the sheath
region into the target surface (c), and the

expanded sheath late in the voltage pulse (d).
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Basic Plasma Sheath Physics

During the PSII process, a negative high voltage pulse is applied
to create a transient plasma sheathl”.18.19 around the target and
accelerate ions into the target surface. The characteristics of the
plasma sheath play a major role in the PSII process. The
fundamental evolution of the plasma sheath is illustrated in Fig. 4.
In simple configurations (uniform plasma density and geometrically
simple targets) the dimensions of the sheath are determined
primarily by the initial plasma density, the voltage applied to the
target, and the duration of the voltage pulse. In the basic initial
configuration (Fig. 4a) a nearly uniform plasma surrounds the
target. The great difference in mass between the electrons and ions
in the plasma causes the electrons to move rapidly away from the
target during the early portion of the voltage pulse, exposing
plasma ions (Fig. 4b). The electric field established in the sheath
region accelerates ions into the target (Fig. 4c). As ions are
implanted into the target and lost from the sheath, the sheath edge
recedes from the target (Fig. 4d). The sheath thickness increases
during this time. Eventually, the sheath edge will extend to the
vacuum chamber wall, or arcing will occur, limiting the useful pulse
duration for implantation. Typical pulse widths, therefore, range
from several microseconds to almost 100 ps.

From the fundamental equations describing the sheath evolution,
it is clear that higher initial plasma densities result in smaller
sheaths. Sheath dimensions that are small compared to the scale
size of important target features result in more uniform
implantation of the critical target surfaces, but require larger
currents from the modulator.

Plasma Sheath and Target Interactions

A serious factor affecting PSII’s commercial success is the
production of secondary electrons.® Secondary electrons are
produced when plasma ions impact the target surface, with each
high-energy (many keV) ion potentially displacing a large number
of electrons upon impact. For an aluminum target biased to 40 kV,
as many as 19 secondary electrons are produced by each ion.2° This
would indicate an ion implantation efficiency of only 5% for the
PSII process, since the total current that must be supplied by the
modulator is composed of both the ion and secondary electron
currents.

Under certain circumstances, the secondary electrons, rather than
being a nuisance, may actually enhance the plasma discharge. The
secondary electrons are repelled by the strong negative potential of
the target and are accelerated to high energy in their outward
passage through the sheath surrounding the target. When multiple,
large, complex target assemblies are being treated with PSII,
secondary electrons emitted by one portion of the target may be
reflected from the sheath edge associated with other portions of the
target surface, resulting in an increase in the residence time of the
secondaries in the plasma. A larger portion of the energy of the
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secondary electrons is then deposited into the plasma, producing
increased ionization and higher plasma densities than could be
achieved without the secondaries.

Figure 5 shows the target assembly used in our experiments
immersed in a background plasma. The assembly consists of four
vertical racks consisting of 504 cylindrical targets (surrogates for
aluminum automotive pistons). Each surrogate piston is a 5.08-cm-
long section of 8.25-cm-diameter aluminum alloy tubing. The
surrogate pistons are mounted lengthwise in pairs with a thin
aluminum cap on each end. Fig. 6 shows a schematic of the
arrangement. The cylinders can be packed tightly in the racks
because only the sides need to be treated. The cylinder pairs are
separated horizontally by 0.75-cm gaps, and vertically by ~1.1 cm
of support structure and copper cooling lines. The total exposed
area is over 16 m2. The racks are spaced 25 cm apart and centered in
a cylindrical vacuum chamber that is 1.5 m in diameter and 4.6 m
long. The racks are supported by ceramic insulators and are
connected to the high-voltage feedthrough by a manifold
constructed from stainless steel tubing. A cooling fluid runs
through the target assembly to remove energy deposited by the
implantation process and limit the target’s temperature excursion.
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Fig. 5 Image of the target assembly
consisting of ~1,000 piston surrogates in a
background argon plasma.

Target panels

Langmuir probe

High voltage
feedthrough

~——

Region modeled by PIC code

Fig. 6 Schematic of the piston surrogate
assembly, vacuum chamber, and Langmuir
probe insertion position (shown by an “X” in
the figure).
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Fig. 7 Sheath overlap times between the
racks of pistons as a function of target

voltage. The blue data points were measured
with the center probe tip. The green line is

from the Lieberman theory for uniform
density plasma, and the red line is for a

parabolic density profile. The black squares
are from the simulation, showing the finite
time for the electron density to drop to zero.
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To produce the background plasma, two 3 x 350-cm stainless steel
radio frequency (RF) antennas are situated ~20 cm from the top of
the vacuum chamber. One is centered and the other is displaced
approximately 30° from vertical. A separate 1000-W, 13.56-MHz
RF generator and matching network drives each antenna. The two
RF generators are phase-locked, and are operated at the same power
output setting. Driving the antennas creates a capacitive RF
discharge of density n~102 to 10° cm-3, with an estimated electron
temperature, T,, of ~3 eV.13 The electron distribution is not
expected to be entirely Maxwellian, and probably contains a high
energy tail.21 In conventional systems, methane (CH,) is typically
used as a working gas during the ion implantation step of making a
diamond-like-carbon coating.1® However, we used argon as the
working gas to reduce complications from multiple ionic species and
time-dependent surface conditions of Langmuir probe tips. Argon
fill pressures used in these experiments ranged from 20 to 65 mPa.

A Langmuir probe assembly was inserted axially into the vacuum
chamber and positioned between the two center racks (Fig. 6). The
probe assembly was used to monitor basic plasma parameters,
primarily plasma density, floating potential, and indications of
plasma fluctuations. The probe was also used to determine the
spatial characteristics of the plasma sheath expansion within the
target assembly. To clarify the experimental results, the central
portion of the target assembly was modeled using a two
dimensional particle-in-cell (PIC) computer code (XPDP2, obtained
from the Plasma Theory and Simulation Group at the University of
California in Berkeley). The experimental configuration and
modeling efforts are described in detail in two recent
publications?2:23 and are summarized below.

In the interior portion of the assembly, the target racks appear
essentially as quasi-planar structures and generate roughly planar
plasma sheaths. If plasma density, applied target voltage, and
voltage pulse duration are in the appropriate range (moderate
plasma density, applied target voltages above a few kV, and pulse
durations in excess of a few microseconds), these sheaths expand
outward from the target racks and collide with each other on the
planes dividing the racks. Measurements obtained from the
Langmuir probe assembly allow a direct determination of the
sheath overlap time (referenced to the start of the voltage pulse) for
various experimental conditions. These measurements have been
compared with sheath overlap times calculated from simple analytic
theory, from a modification of the standard analytic theory to
account for the measured variation of the plasma density in the
sheath expansion region, and from results of the numerical PIC
code. The comparison of these results is shown in Fig. 7. In general,
the agreement is fairly good for the set of conditions of this
measurement set. These conditions, however, minimize the impact
of the secondary electrons on the background plasma and sheath
propagation characteristics.

The strong interaction of the secondary electrons, target
assembly, and background plasma appears in the form of two
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different instabilities. The first, the “hollow cathode” instability,
operates in much the same way as a hollow cathode discharge.
Secondary electrons are temporarily trapped in the potential well
between the racks of pistons, and directly ionize the background
gas. The cross-section for ionization is enhanced by a reduction in
the kinetic energy of the secondaries due to the overlap of the
sheaths from adjacent racks of pistons so that this instability has
significant impact only at low plasma densities and relatively high
gas pressures. Furthermore, it occurs only if the secondary electron
flux is sufficiently high. In experiments where a layer of graphite
on the racks of pistons reduced the secondary electron emission
coefficient, the instability was not observed until the graphite was
sputtered off of the pistons. The hollow cathode instability effects
are shown in Fig. 8.
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Fig. 8 Measurements of the (a) target
current, I; (b) probe current, I,; and

(c) probe floating potential, @, and target
voltage, Vi, during the hollow cathode
instability for 100 W of radio-frequency
power. Negative currents signify the collection
of electrons. The instability appears at

65 mPa fill pressure (red lines) but not at

22 mPa (green lines).
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Fig. 9 Measurements of the (a) target
current, l,; (b) probe current, I,; and

(c) target voltage, V,, during the beam-plasma
instability for 1,800 W of radio-frequency
power and a gas pressure of 65 mPa.
Negative currents signify the collection of
electrons. The instability appears after sputter
cleaning has increased the secondary electron
flux (blue lines) but not before (red lines).
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The second interaction mechanism is a beam-plasma instability,
where the secondary electrons resonantly excite plasma waves. The
energy in the plasma waves is transferred to the bulk plasma
through Landau damping, causing an increase in the electron
temperature and thereby an increase in the ionization rate. (A
similar concept has been patented, but no experimental results have
been published.) Unlike the hollow cathode instability, the beam-
plasma instability requires a relatively large initial density. If the
initial density is sufficiently large, the energy of the secondary
electrons can be transferred to the bulk electrons before sheath
overlap. The subsequent ionization of the background gas is then so
rapid that the sheath motion is halted, preventing the sheaths from
overlapping. A relatively high neutral gas pressure and a large flux
of secondary electrons are also requirements for this instability to
take hold. Impact of beam instability is illustrated in Fig. 9.
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Conclusions

Successful commercial application of PSII depends on the ability
to appropriately implant target components in a wide range of
geometric configurations, particularly those in which the
components have been relatively densely packed into a processing
chamber. In our experiment, we explored the plasma sheath and
plasma-target interaction characteristics within such a complex
target assembly. This study yielded the first experimental
demonstration of several important interaction mechanisms which
are driven in the geometrically complex PSII system by the
presence of energetic secondary electrons generated at the target
surface by the implanted ions. Understanding these interactions
will significantly increase our ability to predict the behavior of
complex targets, and optimize target configurations for commercial
application of PSII technology.
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